A superconducting rod with a magnetic moment on top develops vortices obtained here through 3D calculations of the Ginzburg-Landau theory. The inhomogeneity of the applied field brings new properties to the vortex patterns that vary according to the rod thickness. We find that for thin rods (disks) the vortex patterns are similar to those obtained in presence of a homogeneous magnetic field instead because they consist of giant vortex states. For thick rods novel patterns are obtained as vortices are curve lines in space that exit through the lateral surface.
Introduction
The minimal condition for the onset of a vortex in a mesoscopic superconductor depends on geometrical parameters. A thin disk of radius R (thickness D ∼ ξ, ξ is the coherence length) can only exist in the Meissner state for R ∼ ξ. But for ξ < R < 2ξ, giant vortex states are allowed and for R > 2ξ multivortex states become possible, as reported in [1] and recently observed in Refs. [2, 3] . Mesoscopic superconductors have new and interesting properties [4] , and also provide an interesting playground to understand the co-existence of magnetism and superconductivity [5, 6] . For instance magnetic dots on top of superconducting film have been investigated both theoretically and experimentally [7] [8] [9] [10] .
In this paper we report a theoretical study done on superconducting rods of radius R and varying thickness D, with a magnetic dot on top, a system which displays curved vortices triggered by the inhomogeneity of the magnetic field. We address the minimal geometrical conditions for the onset of vortices and also the nature of the vortex patterns.
The shape of a vortex shifts from a flat coin to a curved line in three-dimensional space, as the thickness D tales the rod from a disk to a tall rod. Consequently the vortex pattern consists of top to bottom giant vortices and top to side multi-vortices in these two extreme limits, namely, D ∼ ξ and D ξ, respectively. Rods of intermediate thickness display highly non trivial vortex patterns showing features of both extreme limits. Our results are obtained in the context of the Ginzburg-Landau theory in the limit of no magnetic shielding. We take a magnetic dot with magnetic moment µ positioned 2ξ above the rod's top surface and oriented along the rod's axis, see Fig. 1 .
Although curve vortices also appear in presence of a homogeneous field tilted with respect to the surface, as vortices must always emerge perpendicular to the surface [11] , the inhomogeneity of the field brings new effects. The dipolar magnetic field weakens with distance and may become so dim at the bottom of the rod to the point that this region becomes unable to sustain vortices. Consequently the Meissner state is kept at the bottom of the rod. This favors a reentrant vortex state, as a top to side vortex must disappear at the top surface, the same one of its onset. Thus the Meissner phase is retrieved at a higher magnetic moment. This qualifies superconducting rods with a magnetic moment on top for technological applications as logical switchers, since vortices can be expelled or accepted by fine tuning the external magnetic moment dot strength.
Theoretical approach
According to the standard Ginzburg-Landau approach, the Gibbs free energy of the superconductor near the critical temperature T c can be expanded in powers of the complex order parameter Ψ( r) that gives the density of Cooperpairs: |Ψ( r)| 2 . Hence the Gibbs free energy difference between the superconducting and the normal states is,
with the phenomenological constants α(T ) ≡ α 0 (T − T c ) < 0, β > 0, m * (the mass of one Cooper-pair), and Φ 0 = hc/2e, the fundamental unit of flux. Boundary conditions are imposed to the external surfaces of the rod. We express quantities in this theory in dimensionless units defined by the following reduced units: the coherence length
2 /2β (free energy). The magnetization is calculated using the expression M = r × J(r)dv.
In terms of these dimensionless units, the Gibbs free energy difference becomes,
The integration is restricted to the volume of the rod. The boundary condition in dimensionless units becomes,
For the magnetic dot we use field produced by a point-like dipole A = ( µ × r)/r 3 .
Numerical results
We solved Eqs. 1 and 2 using the simulated annealing procedure [4] . We set the following parameters for the rod: the radius R ranges from 1ξ to 4ξ; the thickness D ranges from 2ξ to 8ξ and the magnetic moment µ ranges from 0 to 100µ 0 . For the thinnest rod considered here, D = 2ξ, we find that the inhomogeneity of the field does not matter, since the free energy and the magnetization are similar to the homogeneous applied field case. Clearly this is because the dot's magnetic field does not vary significantly inside the rod.
For R = 1ξ and any thickness we find no vortex state, thus the Meissner state prevails up to the normal state. We do not observe anti-vortices or Meissner state with opposite orientation in the rods because we limit the present study to rods with a maximum radius of 4ξ. Thus only giant vortex states (GVS) are observed. For R = 2ξ and for D = 2ξ, only one vortex is allowed. For larger R more than one vortex is possible and their number increases very rapidly with the radius. Although there is more space to accommodate extra vortices the magnetic field becomes weaker at distances away from the center. Consequently the average magnetic magnetic field does not grow with the radius. This effect is equivalent to that studied by Ovchinnikov sometime ago [12] . A sawtooth behavior in the magnetization with bigger H c2 is clearly established for bigger radius. This behavior is observed for R = 3ξ and D = 2ξ.
In Fig. 2 we show the vortex states obtained for different thin rods, i.e., disks. Their magnetization curves are similar to those obtained in presence of homogeneous field. In table 1 we give the complete description of the states through the set of parameters (R, D, µ/µ 0 ).
The inhomogeneity of the field becomes important for the thicker rods D = 6ξ and 8ξ, as shown here. Even for small radii, the rod already displays behavior that differs significantly from the homogeneous field case. We find smooth free energy lines, with no first order transition occasioned by the entrance of quantized vortex lines. The 3D view of the Cooper pair density, |ψ| 2 , shows curved top-to-side vortices, that is, vortices that enter from the top surface and exit perpendicularly in the side surface. We call them N-fold states, where N describes the number of vortices. Along the energy curve vs µ in Fig. 3 the states are labeled according to this definition. The Nfold states are not clearly seen in Fig. 3 because their free energy lines is superposed to the Meissner line from where is their onset and disappearance. However these states are clearly seen to exist by analyzing the |ψ| 2 isosurface, as shown in Fig. 4 . In the two biggest rods considered here we observed the nucleation of N-fold states followed by Meissner and GVS. This features are justified by the growth of a normal region closer to the the magnetic dot position. When this normal region occupies a significant part of the rod the remaining superconducting part behaves as a thin rod, i.e., it does not exhibits N-fold states. So, we retrieve the Meissner state. This feature is in Table 1 and correspond to the second Meissner state. 
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Conclusions
Using Simulated Annealing, a truly threedimensional approach, we obtain the vortex patterns of mesoscopic rods with a point-like magnetic moment on top. We conclude that rods with thickness smaller than 4ξ can be considered as thin disks since only top to bottom giant vortex states are obtained. For rods with thickness bigger than 4ξ, we observed the appearance of N-fold vortex states, namely N top-to-side vortices. The onset and disappearance of these states is from a single GVS or Meissner state line, as continuous transitions from it. Consequently, for sufficient large magnetic moments one can retrieve the Meissner state before reaching the normal state, and this, leads to a reentrant behavior.
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